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Abstract 
The passive adjustment toroidal heliostat (PATH) concept is investigated as a means of improving solar field energy capture 
efficiency for a modular tower receiver developed by Solastor.3589 photos of heliostat images were captured for heliostat 
positions across the solar field at different seasons and times of day and calibrated to measure the capture efficiency of the 
receiver at eachlocation. The results were used to calibrate simulations of the solar field and then used to calculate the overall 
solar field capture efficiency.Results show that heliostats performed better than originally anticipated because of better mirror 
surface accuracy and improvements due to the passive adjustment system. With improvements to mirror reflectivity, 
approximately 3.35MWh per day could be captured by the Solastor receiver and a complete solar field at the Cooma site (DNI: 
5.05kWh/m2/day).  
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1. Introduction 
The CSP industry strongly promotes the view that the long term uptake of solar energy will be through the use of 
CSP systems. This position is credible if the CSP industry can achieve full dispatchability, with the ability to 
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generate up to 24 hours per day (baseload) depending on the system design and the requirements of the energy 
market. The added value of dispatchability makes CSP complimentary to other renewable generation technologies 
such as wind or PV with time varying generation profiles.  
Dispatchability requires energy storage. A modular solar tower systemwith energy storage was developed by 
Solastor and has been demonstrated to produce steam and electricity while avoiding intra-day solar volatility or 
cloud intermittency. The Solastor receiver uses using high purity graphite embedded in the receiver to store solar 
energy captured as heat until it is required for generation [1]. The integration of energy storage at the point of 
collection places constraints on the input radiation from the solar field, and high concentration is needed to deliver 
the required energy through the small receiver aperture.  
The receiver system was first demonstrated with a field of spherical heliostats, but was found to suffer from lower 
than expected efficiency because the solar field was unable to concentrate sufficient energy into the inverted receiver 
cavity. Some of the factors included suboptimal solar field layout, heliostat surface inaccuracies and low energy 
concentration levels due to the effects of aberrations in the heliostats. A more efficient solar collector was required.  
 
Improvement of heliostat efficiency has been an active area of study for area for many years. The toroidal 
heliostat first explored by Igel and Hughes in 1977 demonstrated that the use ofnon-imaging optics could be more 
effective than the more conventional spherical heliostat design[3]. Further developments of the concept lead to the 
spinning elevation (or target aligned) tracking method, followed bythe development of an optimisation method for 
the toroidal surface by Zaibel et al [4]. The toroidal system has been successfully applied to high concentration solar 
furnaces, but required the relatively complicated use of individually canting facets to approximate the ideal heliostat 
shape [4],[5]. Unfortunately the benefits of the toroidal heliostat are reduced because the facet optimisation cannot 
resolve the problem that the ideal paraboloidal reflector changes shape as the sun moves in the sky.  
To mitigate this difficulty, Heliosystems has developed a method of improving the solar field capture efficiency 
of the heliostat through the use of the PATH (Passive Adjustment Toroidal Heliostat) technology. The passive 
adjustment technique has been devised as a simple and economical way of deploying a highefficiency heliostat into a 
solar field.The basic structure of a PATH is similar to other heliostats, with two orthogonal drive systems, a large 
mirror and the structure required to support it. The difference is that the heliostat facet passively deflects and 
changes shape as a result of gravitational, thermal and mechanically induced forces that occur as a result of the 
normal operation of the heliostat. The structure of the heliostat is optimised to conform to both static and dynamic 
design criteria determined by solar field optimisation. Deflections that otherwise would have been considered as a 
parasitic loss mechanism are used to enhance the performance of the device. Further information regarding the 
Passive Adjustment Toroidal Heliostat technology can be found in Patent WO/2012/139169[6] and other 
publications [7]. The validation of the PATH concept applied to the Solastor graphite energy receiver is the subject 
of this work. 
2. Background 
The prediction of energy capture efficiency from a field of concentrating heliostats is of vital importance at the 
planning and feasibility stage of a solar power plant. If the energy capture efficiency is not known, it is difficult to 
predict power plant outputs. A commonly accepted solution to this problem is to build a computational model of the 
solar field and use this to predict efficiencies. 
In general, a model is of limited value unless it has been demonstrated that the model satisfactorily predicts the 
behaviour of the system. In the case of the solar field model, the model must correctly calculate the measured energy 
capture efficiencies at the receiver, based on specific solar field operation parameters. This should be demonstrated 
by comparing measurements with the simulated quantities and verifying that the results agree. More detailed 
analysis would also identify which factors contribute to any deviation between the measured and simulated results.  
Heliosystems has developed a range of modelling techniques for solar fields including ray tracing and numerical 
optimisation methodologies for maximising the performance of solar fields. While the models are general in nature, 
their novelty lies in their ability to handle heliostats using the spinning-elevation tracking mechanism fitted with 
toroidal heliostat facets with integrated calculations of passive and active facet deflections.  
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In early 2012, Heliosystems optimised a solar field for the PATH01 Verification Project based on local 
measurements of the solar resource combined with NASA satellite information [8]. In that study, the energy capture 
efficiency was predicted based on both clear day direct normal irradiance (DNI) profiles and yearly average DNI 
profiles. Energy capture is defined as the energy concentrated from the solar field that enters the receiver cavity. It 
excludes energy lost due to spillage (hits the receiver shields). Energy capture does not take into account the 
absorptivity of the receiver or any loss mechanisms after the energy enters the cavity.  
A summary of the field locations tested is shown in Fig.1. The tests were completed with 14 PATH01 heliostats 
including 1 heliostat in each of the rows A, B and C, two heliostats in row D and three heliostats in rows E, F and G. 
In addition to this, one heliostat in each of rows D, E, F and G were prepared with an artificial periodic surface error 
in order to check the effects of surface errors in the mirrors. Each heliostat was 9m2 in area. The heliostats were built 
such that they could be moved to various locations in the solar field, and tested at each position. A heliostat assigned 
to a row was moved to most of the available positions in that row and measurements were made at each position. In 
this way, measurements of the performance of the majority of the locations in the heliostat field could be made with 
the reduced number of heliostats only. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Image of the site layout showing heliostat locations tested, as of the 1st May 2013. All available heliostat positions were tested except for 4 
locations in Row C, and one location in Row G. Other locations were not able to be tested due to steep banks, and site boundaries. 
3. Field measurements and data processing 
The method required the completion of two main activities. The first involved the acquisition of measurements 
from the heliostat field. The second involved the computational analysis of the data and comparison with the 
simulation. The basic stages necessary for the acquisition of field measurements is described as follows:  
 
a. Placement of the heliostat in a pre-allocated location in the solar field. This involved moving the footing 
and post, removing the mirror and aligning the post-top/rotation head to point at the receiver and replacing 
and re-calibrating the heliostat.  
b. On a clear day, the heliostat was repeatedly directed to track the receiver location for 8 seconds. The 
concentrated image dwelled temporarily on a calibrated surface creating an image. The calibrated surface 
was a horizontal board positioned at the level of the receiver aperture and coated on the underside with 
white lambertian paint. 
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c. Image capture. A photo of the concentrated image from the heliostat was captured from a location 2m to 
the left of the heliostat post (when seen from the field datum). From this position, the appearance of the 
concentrated image was very close to that of a beam profile taken perpendicular to the direction of 
incidence from the heliostat. Care was taken to align the vertical direction in the camera image with the 
tangential axis of the mirror such that measurements made from the camera images could be directly 
compared with the simulations.A total of 3589 photos of heliostat images were captured, with an additional 
526 images of standards to assist with calibration of the camera and scaling to the site DNI. The large 
number of images captured allowed statistical analysis of performance of the heliostats in comparison with 
the simulation. Following the completion of the measurements, the results were processed and compared 
with simulations. An example of a report for one photo is shown in Fig 2. 
d. The images were calibrated using Heliosystems' camera calibration techniques described in section 3.2. 
The output was a radiance or flux map, spatially calibrated to the receiver location (For example Fig.2ii) 
e. The calibrated images were then used to extract tangential and sagittal beam profiles (FWHM), and to 
estimate the total power in the image by integration (For example Fig.2.iii) 
f. The heliostat performance was simulated using Heliosystems standard algorithms (heliostatsim) for the 
day, time and instantaneous DNImeasurement and the outputs were saved in the image processing folder. 
g. The calibrated image was centred over a computationally generated version of the aperture (circular, down 
facing) and the power captured and lost was integrated. A report was generated for each heliostat image 
and saved automatically. (For example Fig.2.iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Example image processing report (automatically generated) for a heliostat in position E5 and 16:10 pm. i) The original image captured by 
the camera. ii) Detector sensitivity calibrated image (brightness scale is radiance, domain scale is meters in a plane perpendicular to the camera 
axis vector located at the receiver). Blue and red lines illustrate the tangential and sagittal directions used to determine the beam profiles. iii) 
Tangential and sagittal beam profiles taken through the centre of the image including analysis of the beam FWHM (full width half maximum) for 
each profile, as well as total beam area and integration ofpower directed toward the receiver. iv) Energy Capture Analysis including comparison 
with simulation. Power directed to the receiver calculated from the camera image was less than expected from the simulation, but spot size was 
smaller and energy capture rate higher than was expected from simulation. 
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Results were assembled from the reports generated for each photo to prepare statistical comparisons with the 
simulation across the whole solar field.Image timestamps were used as an input to simulations to make sure that all 
parameters relating to the sun position were consistent with measurements. Comparisons were made between 
measured and simulated energy capture and spillage loss, and beam profiles in the tangential and sagittal directions. 
Each image processing report was manually checked for errors in image processing or simulation and any errors 
were classified according to the acceptance criteria described in section 3.1.  
 
Energy capture results are relevant to the calibration of the simulation in the following two ways: 
 
i. Energy capture measured directly from the calibrated camera image. The result is dependent on 
the accuracy of the camera's calibration and the accuracy of the reported DNI measurement around 
the time of the photo (the pyranometer uses minute-to-minute averaging and doesn't necessarily 
reflect the instantaneous DNI). Because of these dependencies it is less useful for comparison with 
the simulated energy capture. With statistical treatment, this result is most useful for verifying that 
the simulation correctly calculates cosine and reflectivity losses.  
ii. Energy capture from the calibrated camera image with additional scaling to match the total beam 
energy from simulation. This approach substantially removes the dependency on the camera 
calibration and the DNI measurement accuracy. This means that it is best suited for comparison of 
factors relating to the optical efficiency of the heliostat.  
3.1. Image processing acceptance criteria 
Table 1.Image Processing Acceptance Criteria 
Case Number Problem description Action 
Case 1 No problems Result included 
Case 2 Truncation of heliostat image. In the case where images were 
truncated, the total power measured in the image would be less than 
expected, so any scaling to the DNI would in fact over-correct the 
image and the scaled energy capture result would therefore be 
overestimated. 
Result omitted  
Case 3 Image overexposed Result omitted 
Case 4 Image not correctly aligned with aperture Result omitted 
Case 5 Other image processing error Result omitted 
Case 6 Truncation outside of aperture. In some cases where the image may 
have been truncated, but the part truncated was outside of the aperture, 
then scaled energy capture results would be overestimated. Other 
scenarios where scaling may not be applicable include those where for 
some reason the site DNI measured 0 (data acquisition errors) and 
therefore the camera image could not be scaled (Infinity). 
Data used for non-
scaling energy 
capture analysis. 
Case 7 Additional light sources. In the case where other lights appeared in the 
image, these would have been incorporated into the integrated power 
for the image also, and inadvertently used to scale the image to the 
expected irradiance. This resulted in the image appearing dimmer than 
expected giving a reduced result for the 'scaled energy capture'. 
Data used for non-
scaling energy 
capture analysis. 
Case 8 Truncation during processing. In some cases, the energy integrated 
from the scaled image may be correct, but during the data processing 
for rotating the image to align the image with the receiver (requires 
interpolation) the image became truncated. This results in an 
underestimation of the 'scaled energy capture', because the truncated 
part of the image (that may have otherwise been captured), was 
measured as energy lost 
Data included 
where the amount 
of truncation was 
small. 
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3.2. Camera calibration and processing 
A DSLR camera was carefully calibrated so that accurate radiance profiles could be produced from each image of 
light focussed onto a lambertian target. The calibration considered the following factors: 
 
x Detector non-linearity and spectral response, filter spectral transmittances. It also included the implementation 
of an automatic solar spectrum detection system based on the colour content of the image.  
x Detector temperature dependence including adjustments for site air temperatures at the time of each photo (the 
camera was kept shaded to equalise its temperature with the local air temperature) 
x Conversion from pixels to solid angles, calibration of lens aberrations and lens focal length reporting errors.  
x Calculation of radiance maps and analysis of the content of each image with batch processing 
x Automatic receiver aperture and capture efficiency calculation including comparison with simulation.  
 
The background work relating to Heliosystems' camera calibration techniques is unpublished at the time of 
writing. For further details on camera calibration methods or results, please contact Heliosystems.   
4. Total beam energy and cosine effects calculation 
Comparison between the total energy directed toward the receiver as measured by the camera and the same 
quantity predicted by the simulation can be used to verify that the simulation correctly calculates the effects of 
cosine losses. The result in Fig. 3shows this comparison as a function of time of day, normalised to the simulation 
result. The distribution of data shows that there was no substantial time dependency between the camera 
measurement and the simulation. As angles of incidence (and hence cosine losses) are typically higher in the 
morning and afternoon, this result supports the conclusion that the simulation correctly calculates the cosine losses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Statistical distribution of energy directed to the receiver as measured from camera image processing normalised to the same quantity 
calculated by simulation using local DNI measurements.  
The absolute value of the camera measurement was consistently lower than the simulation result, and the spread 
of results was large. The reason for this is thoughts to be related to an incorrect assumption of heliostat reflectivity 
(assumed heliostat reflectivity of 89% when it was closer to 82%) that affected the calibration. The spread of results 
is thought to be due to minute-to-minute DNI averaging by the pyranometer, there was no means of measuring the 
instantaneous DNI at the time when the photo was captured. Further discussion is given in [9].  
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5. Energy capture analysis 
The results for comparisons between the simulated power capture and the measured (scaled) power capture are 
shown below as a function of the local time (season independent) in Fig. 4. These results show that the measured 
performance of the solar field is better in general that was predicted by the simulation at the time of solar field 
design [8]. The most notable areas are in the eastern field in the morning, and in the western field in the afternoon. 
As these times would typically correspond to times of poor performance for the heliostat, it is evident that 
astigmatism in particular was overestimated.  
 
Fig. 4. Energy capture from solar field locations (seen from above) relative to the simulated quantities (normalised) for different times of day. 
Images span results taken hourly from before 9:00 am to 16:00 pm. Distance scales are in meters relative to the solar field datum. Black points 
illustrate measurement locations from which the colour surface data was interpolated. The colour profile indicates the measured (scaled) energy 
capture relative (normalised) to the simulated energy capture. 
The result also shows that the heliostats in the outer field tend to perform relatively better than those in the inner 
field. This is logical as both simulation and measurements demonstrate close to 100% capture efficiency for the 
heliostats in the inner field (ie no further improvement is seen when heliostat surface errors are reduced in the inner 
field). Good performance in the outer field is consistent with observations during the construction of the heliostat 
mirrors that the surface errors were reduced in heliostats with less facet curvature.  
Energy capture results were collated for all measurements at each time step and are plotted in Fig. 5a relative to 
the simulated quantities. Uncertainty values calculated from the variance of the energy capture efficiency at each 
heliostat position are plotted and give an estimate for the accuracy of the result. Energy capture was found to be 
approximately 20% better than the simulation in the middle of the day, and higher still in the morning and afternoon. 
The design point simulation in [7] excluded any benefit from the passive adjustment system, so the comparison with 
the measurements is illustrative only.  
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Considering a full field of 112 mirrors (1011m2), it was possible to scale energy capture results from the original 
simulation using the data in Fig.5a) and the result is shown in Fig.5b. Comparing to the original simulation, the 
energy capture was found to increase from 2.295MWh/day (original simulation) to 2.923MWh/day (based on the 
field measurements). Results show that the energy capture rate should reach 400kW  2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Yearly average measured solar field energy capture (red) relative to uncalibrated simulation (blue). Result is displayed as a function of 
local time of day relative to the simulation baseline  (a) and as an absolute value (b). Error bars calculated from the variance of measurements 
show that the accuracy is as good as within 5% for the middle of the day.Out of range values and error bars in b) were interpolated from a). 
Error bars (calculated from the variance of the measurements) indicate that the accuracy of the result is as good as 
within 5% for the middle part of the day. Note however that the result shows a bias toward improved performance in 
the afternoon. There is no physical reason why this should be the case, and the bias is most likely to be due to the 
balance of heliostats measured in the east and western fields. The calculation of the overall field energy capture is 
dependent on the amount and distribution of measurement data available for each time interval. The omission of 
measurements for many positions in the western field for rows F and G, means that the actual improvements shown 
in Fig.5 are underestimated in the morning (this is when the western heliostats perform best). Significantly fewer 
measurements were made in the early morning due to shading affects from trees and buildings at the site. The lack of 
early morning data makes it difficult to estimate how the solar field would perform at this time. 
Note also that the data shown in Fig.5 includes all results identified as Case 7 and Case 8 (see section 3.1). While 
results identified with these two cases are known to underestimate the capture efficiency, their elimination would 
have led to statistically poor representation of heliostats in the outer rows in the morning and afternoon. Also 
included were the results from heliostats with artificial periodic surface errors (±0.4mm, mean 6mrad error). While 
the capture efficiency from these heliostats was expected to be lower, the results were included because they gave 
greater statistical relevance to result from the outer rows (they were placed in rows E, F and G). Further work is 
required to distinguish the performance of heliostats with artificial surface error from those without, and to improve 
data processing in the early morning and later afternoon when images are not so bright. 
 
 
2Note that the peak value of DNI at ground level in Cooma is much higher than the yearly average DNI. Considering typical DNI delivery 
profiles for cloudless days only shows that the average clear day DNI is 11.3kWh/m2/day. While the yearly average DNI (5.05kWh/m2/day) is 
useful for general assessing the energy resource, receiver design and operation must take into account the energy delivery that would occur on a 
cloudless day. Results show that the energy captured (excluding spillage losses) on a clear summers day would exceed 850kW with total energy 
capture higher than 8MWh in the day. 
a) 
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After completion of the measurements, the solar field simulation was repeated using an updated model of the 
heliostat (as-built), including the effects of the passive adjustment system. Simulations were repeated systematically 
changing the allowance for the surface accuracy of the heliostat to determine which parameters best matched the 
measured energy delivery profile. The results for a range of parameter sets are shown in Fig.6a). Each of the 
parameter sets shown corresponds to an improvement in the surface accuracy of the mirror, and POS## refers to a 
set of parameters describing the beam accuracy. POS85 indicates that 0.85 has been set for all of the sagittal and 
tangential zero spot and astigmatism parameters.  
Based on a simple linear interpolation of the beam calibration parameters and the daily energy capture value, the 
beam parameter value set of 0.42 was thought to best match the measured data. This value gives a predicted energy 
capture equal to the value from the analysis in Fig.5. Further work is required to determine the amount of surface 
error to which this parameter value relates3. 
 
 
 
 
 
 
 
 
 
Fig 6a) Simulated energy capture profiles using a range of settings for heliostat surface error. Reducing the heliostat surface error results in 
improvement of the capture efficiency due to reduction of energy lost. b) Measured energy capture efficiency (MES), the calibrated simulation 
result (SIM) and predicted capture efficiency (PRED) with heliostat mirror reflectivity improved from 81.6% (installed) to 93.6% 
6. Energy capture efficiency 
The specular solar reflectivity of a range of mirrors was measured using a Perkin Elmer 950 UV-Vis 
Spectrophotometer (for hemispherical spectral reflectance measurements) and a Devices and Services 15RGB 
portable reflectometer (for specular reflectance at 7mrad aperture). The mirrors installed in the project were found to 
have solar reflectivity of 81.6%, and the measurement was consistent with new mirror as well as aged mirror used on 
the heliostats in the Verification Project. In comparison to this result, low iron solar mirrors from a range of 
manufacturers were found to have a specular solar reflectivity of 93.6%[10].  
Based on the calibrated simulation result, it was possible to recalculate the energy capture efficiency assuming the 
higher reflectivity of the solar mirrors. The results are shown in Fig. 6b (PRED). This profile predicts that 112 
mirrors (1011m2) using high reflectivity facets would yield net energy capture of 3.35MWh/day (yearly average 
when installed)in Cooma. The result shows that the maximum achievable efficiency is projected to peak at 78% in 
the middle of the day. The efficiency is predicted to be higher than 70% between 9:45 and 14:15, and to average 
70% between the hours of 8:00 and 16:00.  
 
 
3 From previous studies the beam parameter setting of 1 was found to correspond to a heliostat surface error of approximately 6mrad surface 
error, and the beam parameter setting on 0.6 corresponded to a surface error of 2mrad. This result has not been verified for the PATH01 as 
deployed in the Verification Project, but may give a useful insight into the mirror surface errors for this project nevertheless. 
(b) 
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There are a number of reasons why this is thought to be a conservative estimate of the achievable capture 
efficiency. Firstly, the solar field optimisation that is used to determine the shape of the heliostat facets (both static 
and dynamic optimisation of sagittal and tangential focal lengths) can now be repeated using the calibrated 
simulation parameters. With proper calibration, the simulation that better predicts the true operation of the heliostats 
is able to better optimise the field output. Secondly, the inclusion of results classified as Cases 7 and 8 in the 
morning and afternoon, as well as the inclusion of results from heliostats with artificial surface errors resulted in 
underestimation of the achievable capture efficiency. Thirdly, it should be noted that the solar field as designed for a 
low DNI site, so additional heliostats have been included around the edge of the field (Row G) to help increase the 
solar thermal energy capture rate at the receiver. The efficiency of the solar field reduces as the solar field becomes 
larger because the heliostats further from the receiver have poorer aperture efficiency (the apparent area of the cavity 
reduces for a down-facing aperture) and typically suffer more from cosine loss. Solar fields installed in locations 
with more consistent DNI (average DNI closer to peak DNI) would reach higher efficiencies because the solar field 
could be smaller to meet the energy requirements of the receiver.  
7. Conclusions 
Results show that the PATH concept was successfully able to improve the energy capture efficiency for the 
Solastor receiver. Analysis of camera image processing results for the PATH01 Verification Project heliostat field in 
Cooma indicates that the combination of the passive adjustment system as well as improved heliostat surface 
accuracy led to improved performance over the design point simulation. The improvements were most pronounced 
for heliostat in the outer rows of the solar field and at times of typically high angles of incidence (morning and 
afternoon). Improved solar field efficiency at these times will permit more rapid start-up of the generation cycle, and 
higher power generation rates into the evening.  
Standard deviation of energy capture measurements were as low as 5% in the middle part of the day, so the data is 
thought to be a good for calibration of the simulation to the real world. When calibrated, the simulation indicated 
that 2.93MWh/day could be captured from the proposed 112 heliostats at the Cooma site, while as much as 
3.35MWh/day could be captured if the heliostat mirror reflectivity were increased from 81.6% to 93.6%.  
Overall improvements are thought to be conservative due to a number of effects that lead to the under estimation 
of the capture efficiency from measurements in certain areas of the solar field. Particularly the inclusion of results 
known to underestimate the real energy capture rates. Sources of inaccuracy identified included the inability to make 
measurements of the heliostats in the outer rows on the western field which may have contributed to the 
underestimation of capture efficiency in the morning. This study was also unable to determine the effects of the 
addition of artificial surface errors to some heliostats. Further calibration of the simulation should be undertaken by 
repeating image analysis using the new simulation parameters. Further analysis of the data may also be able to 
extract useful information regarding the impact of heliostat surface error on energy capture efficiency.  
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